Neurons adapt to altered network activity through homeostatic changes in synaptic function. In this issue of Neuron, Goold and Nicoll report that chronic hyperactivation of individual CA1 pyramidal neurons drives cellautonomous, compensatory synapse elimination via CaMKIV-dependent transcription. These findings suggest that neurons gauge their intrinsic activity to instruct homeostatic regulation of synaptic inputs.
Unstable patterns of activity in neural circuits are thought to be countered by compensatory synaptic modifications that function to drive activity back toward stable levels (e.g., Davis, 2006; Pozo and Goda, 2010) . This homeostatic synaptic plasticity is most often studied by altering activity in entire networks of neurons, raising the question of whether intrinsic activity within any one neuron is equally effective in driving compensatory synaptic adaptations in that cell. This issue is particularly important, given evidence that neurons may exhibit homeostatic adaptations that are imposed by extrinsic factors released from other cells (e.g., Stellwagen and Malenka, 2006) . A new study from Goold and Nicoll (2010) (this issue of Neuron) confronts this issue directly through optogenetic manipulation of activity in single neurons. To achieve this, Goold and Nicoll (2010) coupled sparse expression of the light-activated cation channel channelrhodopshin 2 (ChR2; Boyden et al., 2005) in organotypic hippocampal slices and used repeated 3 Hz photoactivation to entrain these neurons to chronically fire above their baseline frequency. During recordings 24 hr later, evoked synaptic currents in hyperactivated CA1 pyramidal neurons (ChR2-expressing) and neighboring control neurons (exposed to the same light regimen) were directly compared in simultaneous whole-cell patch-clamp recordings. In ChR2-expressing neurons (as compared to neighboring controls), AMPA receptor (AMPAR), and NMDA receptor (NMDAR) synaptic currents each decreased by 50% and this compensatory synaptic depression reversed over days when photostimulation was discontinued. By contrast, inhibitory synaptic inputs onto hyperactive CA1 pyramidal neurons were unchanged. As expected for a postsynaptic loss of glutamate receptors driven by hyperactivity, the amplitude of miniature excitatory postsynaptic currents (mEPSCs) were decreased in ChR2-expressing neurons. Yet, hyperactive neurons also exhibited a decrease in mEPSC frequency as well as an increase in synaptic failures during minimal stimulation, suggesting a potential presynaptic mechanism. Indeed, chronic suppression of activity in individual cultured hippocampal neurons can drive compensatory changes in presynaptic function (Burrone et al., 2002) . However, paired-pulse facilitation and use-dependent NMDAR block by MK-801 revealed no evidence for changes in presynaptic release probability in photostimulated neurons. Instead, Goold and Nicoll (2010) found that dendritic spine density decreased by 50%, revealing a pronounced postsynaptic elimination of excitatory synaptic inputs in response to hyperactivation (Figure 1 ).
Light-activated ChR2 drives spiking in neurons by virtue of depolarizing membrane potential past action potential threshold, raising the question of whether the increases in firing rate per se or the underlying repetitive membrane depolarization is responsible for the homeostatic changes in synaptic function. To explore this question, Goold and Nicoll (2010) repeated their photostimulation experiments in the presence of AMPAR and NMDAR blockers or tetrodotoxin to prevent spiking. They found that photostimulation still induced depression of AMPAR and NMDAR EPSCs in ChR2-expressing neurons relative to neighboring control neurons demonstrating that neither spiking nor synaptic activity is required for photostimulation-induced synaptic depression. By contrast, including the L-type Ca 2+ channel blocker nifedipine completely prevented the photostimulation-induced depression of AMPA EPSCs and largely inhibited the depression of NMDAR EPSCs. Agents targeting R-, T-, and N-type voltagegated Ca 2+ channels did not prevent depression of either AMPAR or NMDAR EPSCs, suggesting that L-type channels might play a specific role in ''decoding'' the hyperactivity in ChR2-expressing neurons.
What is the nature of the ''sensor'' that reads out alterations in L-type Ca 2+ channel signaling? Using pharmacological agents or coexpression of dominantnegative constructs, the authors ruled out a number of potential candidates, including CaMK1, CaMKII, PP2B (calcineurin), as well as the p38 and ERK MAP kinase signaling pathways. They did find, however, that shRNA-mediated CaMKIV knockdown or expression of dominantnegative CaMKIV blocked photostimulation-induced depression of both AMPAR and NMDAR synaptic currents. Inhibition of CaMKIV function has been reported to be sufficient to recapitulate homeostatic increases in AMPAR currents induced by blocking spiking in individual cortical neurons (Ibata et al., 2008) . If CaMKIV activation is also sufficient to drive homeostatic synaptic depression, then expression of a constitutively active CaMKIV should reduce synaptic currents in the absence of overt changes in activity. However, Goold and Nicoll (2010) found just the opposite-constitutively active CaMKIV actually potentiated synaptic currents, suggesting that CaMKIV must work with other cellular factors to promote homeostatic elimination of synapses. Goold and Nicoll (2010) 
. Molecular Mechanisms Underlying Synapse Elimination Driven by Hyperactivation of Single CA1 Pyramidal Neurons
Chronic optogenetic hyperactivation of individual CA1 pyramidal neurons (blue cell) drives a cell-autonomous loss of AMPAR and NMDAR at synapses and elimination of a subset of dendritic spines. These synaptic changes require L-type voltage-gated Ca 2+ channels, Ca 2+ /calmodulin-dependent protein kinase kinase (CaMKK) activation, and CaMKIV function. The loss of synaptic AMPARs (and presumably loss of spines) requires protein synthesis and transcription, likely driven by CaMKIV activation in concert with other factors. Although the transcription factors downstream of CaMKIV activation are unknown, CREB is a known CaMKIV target and has a well established role in activity-dependent forms of synaptic plasticity. Inset: most of the synaptic changes accompanying chronic hyperactivation are accounted for by synapse elimination (loss of spines), but a decrease in quantal amplitude also suggests a loss of functional AMPARs at synapses that are retained. This functional weakening of retained synapses could reflect a distinct aspect of homeostatic control, or alternatively (as shown), an earlier event in spines that will eventually be targeted for elimination. Artwork courtesy of Doug Smith.
photostimulation blocked the depression of AMPAR and NMDAR synaptic currents. However, photostimulation-induced synaptic depression was restored by coexpressing a STO-609 insensitive CaMKK mutant along with ChR2, a particularly compelling piece of evidence supporting a role of CaMKK in photostimulationinduced synaptic depression. Goold and Nicoll (2010) then extended this same chemical genetic approach to demonstrate that chronically elevating synaptic activity within slices (via application of the GABA A antagonist Gabazine) drives a similar CAMKK-dependent homeostatic synaptic depression as observed with photostimulation.
The findings discussed thus far suggest a model in which CaMKIV-driven transcriptional regulation in hyperactive neurons drives homeostatic elimination of excitatory synapses. Indeed, Goold and Nicoll (2010) found that the photostimulation-induced depression of AMPAR currents was prevented by protein synthesis or transcription inhibitors. Curiously, however, the depression of NMDAR currents was resistant to these treatments. These results reveal distinct molecular mechanisms for homeostatic loss of AMPARs and NMDARs, and suggest that nuclear CaMKIV must play a transcription-independent role in the homeostatic removal of synaptic NMDARs. Differences in homeostatic regulation of AMPAR and NMDAR currents were also apparent in AMPAR subunit mutant mice. Photostimulationinduced depression of AMPAR currents was intact in GluA1-deficient mice, but absent in GluA2-deficient mice. However, neither mutant affected the depression of NMDAR currents, again suggesting distinct homeostatic regulation of AMPAR and NMDAR expression at synapses. The requirement for the GluA2 subunit in AMPAR depression parallels work in cortical neurons, where blocking spiking induces a CaMKIV-and transcriptiondependent compensatory increases in AMPAR function that also specifically requires GluA2 (Ibata et al., 2008; Gainey et al., 2009) . While frank changes in spiking are not required for homeostatic synaptic depression driven by photostimulation, are these synaptic changes nevertheless reflective of a mechanism normally tuned to a neuron's intrinsic firing rate? The mechanistic correspondence between these studies is consistent with this possibility. However, in addition to changes in spiking, homeostatic plasticity is driven by changes in local synaptic drive independent of firing rate (Sutton et al., 2006; Frank et al., 2006; Branco et al., 2008; Hou et al., 2008) . Moreover, in hippocampal neurons, blocking synaptic drive drives compensatory increases in synaptic function that involve synaptic recruitment of GluA1 homomeric receptors, not GluA2-containing receptors (Thiagarajan et al., 2005; Sutton et al., 2006 ) via a transcription-independent mechanism (Aoto et al., 2008) . Collectively, these findings suggest that AMPAR regulation itself is subject to diverse modes of homeostatic control driven by unique facets of neural activity.
In addition to providing important insight into cellular and molecular mechanisms of homeostatic plasticity, the study by Goold and Nicoll (2010) raises important new questions. Perhaps chief among these is the identity of the gene products necessary for homeostatic plasticity and how they interact with other cellular mechanisms to exact changes in synapse function. A particularly interesting candidate is the immediate early gene Arc/ Arg3.1, a known player in homeostatic control of excitatory synapse function (Shepherd et al., 2006) . Finally, the homeostatic elimination of a subset of excitatory synapses found by Goold and Nicoll (2010) raises interesting questions regarding how homeostatic and Hebbian plasticity (i.e., LTP and LTD) might interact in the same neurons. It seems unlikely that synapses are removed at random in response to hyperactivity, suggesting that some aspect of a synapse's activitydependent history might predispose or protect them from elimination. Variants of the optogenetic approach used by Goold and Nicoll (2010) will likely be instrumental in addressing this important question.
